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There is no consensus on the magnitude and shape of the charge transfer cross section in low-energy
Hþ þ H2 collisions, in spite of the fundamental importance of these collisions. Experiments have thus
been carried out in the energy range 15  E  5000 eV. The measurements invalidate previous
recommended data for E  200 eV and confirm the existence of a local maximum around 45 eV, which
was predicted theoretically. Additionally, vibrationally resolved cross sections allow us to investigate the
evolution of the underlying charge transfer mechanism as a function of E.
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Collisions between protons and hydrogen molecules are
involved in the physics of many large-scale systems. For
instance, the charge transfer reactions Hþ þ H2 Ð
Hþ Hþ2 are of great importance for the chemistry and
cooling behavior of low-density primordial gas [1]; it
accordingly influences the general state and hydrodynam-
ics of the cosmological medium [2]. H2 molecules, and
isotopical variants, are also abundant in the edge region of
tokamak devices where the plasma is relatively cold and
dense; therefore, their interaction with surrounding ions
must explicitly be considered in order to obtain a reliable
description of the edge and divertor plasmas [3]. Besides
its relevance in astrophysics and fusion research, the col-
lision Hþ þ H2 is a fundamental few-body system which
constitutes the benchmark for the theoretical description of
all ion-molecule collisions. In this Letter we focus on the
nondissociative charge transfer (CT) reaction:
Hþ þ H2ðX1þg ;  ¼ 0Þ ! Hð1sÞ þ Hþ2 ðX2þg ; 0Þ; (1)
for E  15 eV, where nuclear exchange is negligible [4]. 
and 0 are, respectively, the vibrational quantum numbers
ofH2 andH
þ
2 molecules. In spite of the apparent simplicity
of this process, there is considerable disagreement between
the existing calculations and measurements. One can note
this disagreement by glancing at the results plotted in
Fig. 1, where we display the total cross section for reaction
(1), obtained by summing over all vibrational exit channels
0, as a function of the collision energy. We deem that this
is an unsatisfactory situation for such a basic system,
especially for energies below 100 eV.
The main difference between reaction (1) and similar
CT processes in ion-atom collisions is the rovibrational
motion of the molecular species. At high collision ener-
gies, the rotation and vibration periods are large compared
to the characteristic collision time. The CT process is thus
described in the framework of the Franck-Condon approxi-
mation, where the target nuclei remain fixed during the
collision. As the energy decreases below 1 keV, this
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FIG. 1 (color online). Total CT cross sections for Hþ þ H2
collisions [reaction (1)], as functions of the collision energy.
Present results: (filled circle) experiment; (black solid line with
small dot) quantal calculation; (black dashed line with small dot)
semiclassical calculation. Previous experiments: (blue filled
square) Cramer [15]; (blue filled downward triangle) McClure
[16]; (blue filled diamond) Gealy and Van Zyl [17]; (blue filled
upward triangle) Kusakabe et al. [18]. Recommended data: (red
dash-dotted line) Phelps [19]. Previous calculations: (green open
upward triangle) Baer et al. [9]; (green open square) Morales
et al. [14]; (green dashed line with open downward triangle)
Ichihara et al. [13]; (green solid line with open circle) Krstic´
[10]; (green solid line with crosses) Krstic´ and co-workers [24];
(green dashed line) nonreactive CT from Ref. [4].
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approximation breaks down. A less restrictive description
is provided by the sudden vibrational approximation (SVA)
[5,6], where it is assumed that the vibrational wave func-
tion does not change during the collision. It was shown [7]
that SVA calculations and experiments disagree for ener-
gies below 200 eV and the failure was traced back to the
inability of the SVA to describe the two-step low-energy
mechanism of Niedner et al. [8]. In the first step of this
mechanism, the interaction of the charged projectile with
the molecule removes electron density from the target bond
(‘‘bond dilution’’), modifying the interatomic potential,
which leads to the vibrational excitation of H2. The CT
reaction takes place in a second step by transition from H2
excited vibrational states to quasidegenerate vibrational
states of Hþ2 . It is clear that the mechanism of reaction (1)
involves a subtle interplay between electronic and nuclear
degrees of freedom, and the experimental confirmation of
the calculations and proposed mechanisms is essential.
In a pioneering work, Baer and co-workers [9] carried
out a calculation using the so-called infinite order sudden
approximation (IOSA), where the vibrational motion is
explicitly considered, at a collision energy E ¼ 30 eV. A
similar method has been applied in Refs. [10,11] at energies
E< 20 eV. The calculation of Errea et al. [12] employed
ab initio electronic wave functions and a vibronic basis set
within quantal and semiclassical frameworks, covering a
large energy range (10 eV<E< 10 keV). Other semi-
classical methods, such as trajectory surface hopping
[13], electron nuclear dynamics [14], and classical
trajectory-diatomics in molecules [4], have also been
applied, and the ensuing total cross sections are shown in
Fig. 1. As already mentioned, the dispersion of the results
for E< 100 eV is conspicuous.
Previous measurements of the CT total cross section
have been performed by Cramer [15], McClure [16],
Gealy and Van Zyl [17], and Kusakabe et al. [18]. While
the total cross sections obtained in all these experiments
are practically identical for E> 500 eV, discrepancies
at low energies are noticeable. The recommended data
of Phelps [19] interpolate between the experimental data
of Gealy and Van Zyl [17] for E> 60 eV and those of
Holliday et al. [20] for E< 5 eV. Differential measure-
ments have been performed by Niedner et al. [8] at 30 eV.
In this work we have measured total and vibrationally
resolved CT cross sections for E ¼ 15–5000 eV with two
aims: first, to obtain state-of-the-art values of the total cross
section, which allow us to provide a new set of recom-
mended data, and second, to probe the CT mechanism and
underlying interplay of electronic and nuclear motions.
In the experimental setup (Fig. 2), the protons are
extracted from a duoplasmatron ion source and accelerated
to an energy equal to the sum of the desired collision
energy and the voltage applied to the collision region.
They are decelerated in a unique combination of einzel
lens and resistive glass tube to enter the collision region
where they cross an effusive jet of H2, all molecules being
in their vibrational ground state. To ensure proper trans-
mission of the proton beam and simultaneous extraction of
the daughter ions, a saddle point electrode arrangement is
used, which minimizes the transverse electric field on the
proton beam axis while producing a focusing extraction
geometry in the perpendicular direction. Intensities of the
order of 10 nA are routinely achieved down to 15 eV, as
measured in a Faraday cup located downstream. The
daughter molecular ions are further accelerated to 2 keV
as they leave the floating interaction region and are shaped
into a beam. Direct measurement of the secondary ion
current in the picoampere range together with systematic
variation of the density of the gas target allow the deter-
mination of relative CT cross sections as a function of
energy.
In order to put the proton-H2 cross sections on an abso-
lute scale, a global scaling factor was determined by com-
parison with the values of Gealy and Van Zyl [17] between
400 and 2000 eV. The 14% uncertainty (90% C.L.) affect-
ing those measurements has been combined in quadrature
with our measurement uncertainty. To evaluate the relia-
bility of the method, a beam of Hþ2 was sent to the H2
target, and ratios of the beam intensities were measured
for the same pressure range under identical experimental
conditions. These results, when normalized with the same
factor determined for proton-H2 collisions, perfectly match
the recommended cross sections for Hþ2 þ H2 symmetric
CT [21] between 100 and 1000 eV. Error bars on the
collision energy correspond to the energy spread (5 eV
FWHM) of our proton source, as measured by collinear
Doppler spectroscopy after neutralization on a Cs target.
In order to obtain vibrationally resolved CT cross sec-
tions, the product ions are made to cross an effusive
potassium jet where they undergo resonant dissociative
CT [22]. Because of energy and momentum conservation
in the predissociation process, the positions and flight time
difference of the two resulting H atoms give access to the
vibrational distribution of the CT products. The new ex-
perimental total cross sections are plotted in Fig. 1, while
measured vibrational branching ratios are shown in Fig. 3.
FIG. 2 (color online). Experimental setup (not to scale): AE,
assymetric einzel lens; RG, resistive glass tube; FC, Faraday
cups; PSD, position sensitive detectors. The H2 and K targets are
effusing from capillaries.
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Earlier measurements of the total cross section all converge
to the same value above 500 eV, as do the present experi-
mental results. While we have measured the Hþ2 produc-
tion, Gealy and Van Zyl [17] measured the neutralization
yield, which requires the determination of the secondary
emission coefficient and proper angular collection of the
scattered hydrogen atoms. This may explain the smaller
values they obtained at low energy. The important differ-
ence between ourmeasurements and the recommended data
of Phelps [19] is a consequence of (i) the difference between
our data and those ofRef. [17],whichwere used to construct
the recommended data, and (ii) the emergence of a local
maximum in our measurements about E ¼ 45 eV, an
energy region previously unexplored experimentally.
We have also carried out new calculations using the
vibrational-close-coupling method of Ref. [12] with
ab initio electronic wave functions. In the quantal treat-
ment, the collision wave function is solution of the sta-
tionary Schro¨dinger equation
Hðr;;RÞðr;;RÞ ¼ Eðr;;RÞ; (2)
where E is the collision energy, H is the total Hamiltonian,
r denotes the electronic coordinates,  is the internuclear
vector of the target molecule, and R is the projectile
position vector with respect to the center of the H2 inter-
nuclear vector. The collision wave function is expressed as
ðr;; Þ ¼X
n
X

FnðÞnðr;;ÞnðÞ; (3)
where  is a reaction coordinate, combination of R and r,
built so as the boundary conditions are correctly fulfilled
(see [12]). The vibronic basis fnng is formed by prod-
ucts of the electronic functions n and the vibrational
functions n. Our basis set includes the two lowest elec-
tronic states of Hþ3 and a vibrational basis of 35 states for
both H2 and H
þ
2 . A critical point in the calculation is the
appropriate description of the conical intersection between
the ground and first potential energy surfaces (PESs) of
Hþ3 , found in the limit R! 1 at   2:45 bohr. While
transitions near this intersection are important in the CT
reaction, the calculation cannot be performed using the
adiabatic electronic states, which are coupled by singular
nonadiabatic couplings. In practice, we use a couple of
‘‘regularized’’ states, obtained through a unitary transfor-
mation of the adiabatic functions.
The rotation of the diatomic molecules is described
within the IOSA framework: the molecule orientation is
kept fixed during the collision; this is justified for E 
15 eV, where the characteristic collision time is  12 fs
and the H2 rotation period 1 ps. Accordingly, the wave
function (3) does not include a rotational component.
However, H depends on the relative orientation of vectors
 and R; in the IOSA treatment, the angle  ¼ arccosð^ 
R^Þ is treated as a parameter that does not vary during the
collision, and the Schro¨dinger equation is solved for sev-
eral values of this parameter. In this treatment the Coriolis
couplings, due to the rotation of R in the laboratory frame,
are neglected. The cross section presented in Fig. 1 is
finally obtained by averaging over .
At high energies, we use a semiclassical (eikonal)
method, where the vectorR follows rectilinear trajectories.
The dynamics is still described in terms of the vibronic
nn states. However, the Coriolis couplings are no
longer neglected, in contrast to the quantal case.
The results of our calculations are also included in
Fig. 1, where we plot the results obtained by means of
the quantal treatment for E< 350 eV, and those from the
semiclassical calculation for E> 350 eV. We have
checked that both methods lead to identical total and
partial cross sections in the energy range 200<E<
400 eV. At E< 200 eV, trajectory effects start to be siz-
able and the eikonal calculation is inaccurate. For E>
350 eV, trajectory effects are negligible and the eikonal
result is somewhat more accurate than its quantal counter-
part (the differences are of the order of 10% at E ¼ 1 keV)
because the Coriolis couplings are relevant.
As demonstrated by Fig. 1, our experimental and theo-
retical results fall in excellent agreement over the whole
energy range. The calculated values are essentially those
presented in Ref. [12] (not shown in the figure), although
the new cross section is somewhat lower (by  25%) than
the previous one for E< 100 eV; this change is due to an
improvement of the regularization of the conical intersec-
tion at small , which shows the sensitivity of the cross
section to the details of the PESs. In this respect, previous
IOSA calculations [9,10] differ either by the use of ap-
proximate PESs or by the approximations made in the
regularization procedure.
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FIG. 3 (color online). Branching ratios for populating the
vibrational states of the Hþ2 molecule [Eq. (4)] in the CT reaction
(1), as functions of the collision energy. Full lines, theoretical
results; dashed lines with symbols, experimental results; open
symbols, results of Niedner et al. [8].
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We find a qualitative agreement with the cross section
for nonreactive CT of Ref. [4]. In that work, the electron
dynamics was described in terms of approximate
diatomics-in-molecules wave functions [23] and the nu-
clear motion was restricted to the fundamental PES; this
restriction is not fully consistent with the CT dynamics,
where the electron jumps on the excited PESs, and this
mainly explains the overestimation observed in Fig. 1.
Besides intrinsically different treatments of the electron
dynamics, the disagreement between our results and pre-
vious calculations (electron nuclear dynamics [14], trajec-
tory surface hopping [13], and semiclassical IOSA [24])
also points to the necessity to quantally describe the nu-
clear motion for E< 200 eV.
Our experimental setup does not enable us to access the
dissociative part of the CT process. However, the excellent
agreement between the measured and computed nondisso-
ciative CT component (Fig. 1) provides a confirmation of
the present calculations which indicate that the dissociative
CT cross section never exceeds 1% of the total CT one for
15  E  5000 eV, while nuclear exchange is also
negligible.
We now turn our attention to the CT mechanism
encoded in the state-resolved vibrational cross sections.
The comparison of experimental and theoretical vibra-
tional cross sections is plotted in Fig. 3, where we display
the branching ratios
r0 ðEÞ ¼
CT
0 ðEÞ
CTðEÞ : (4)
CT
0 is the integral cross section for populating the state
Hþ2 ðX2þg ; 0Þ in reaction (1) and CT is the total CT cross
section. One can note the very good agreement between
theory and experiment that provides a stringent test of the
methods. We have also included in this figure the results of
Niedner et al. [8] at E ¼ 30 eV, which satisfactorily agree
with our measurements.
Our calculations basically confirm that, forE & 200 eV,
CT reactions take place through transitions from excited
vibrational states of H2 to vibrational states of H
þ
2 on the
way out of the collision. Direct transitions from the Hþ þ
H2ðX1þg ;  ¼ 0Þ entry state to the Hð1sÞ þ Hþ2 ðX2þg ; 0Þ
capture states are indeed inhibited because of the large
energy gap between these channels, while the Hþ þ
H2ðX1þg ;   4Þ excitation states lie close in energy to
the Hð1sÞ þ Hþ2 ðX2þg ; 0  0Þ capture ones. Among the
available ! 0 transitions,  ¼ 4 ! 0 ¼ 0 is the most
efficient since (i) primary vibrational excitation leads to
H2ðX1þg ; Þ populations that decrease as  increases [4],
and (ii) the excitation Hþ þ H2ðX1þg ;  ¼ 4Þ and capture
Hð1sÞ þ Hþ2 ðX2þg ; 0 ¼ 0Þ channels are asymptotically
quasidegenerate. Therefore, Hþ2 ðX2þg ; 0 ¼ 0Þ is the
most populated CT exit channel at low E.
As E increases, the effective collision time becomes
shorter, which leads to sudden transitions where capture
occurs through vertical transitions from the H2ðX1þg ;¼
0Þ entrance channel. The relative populations of the
Hþ2 ðX2þg ; 0Þ states become independent of E and pro-
portional to the Franck-Condon factors, 00 ¼ jh0j0 ij2.
Since 02 > 01 >00, we accordingly expect r0¼2 >
r0¼1 > r0¼0. This tendency can be observed in Fig. 3.
The shape of r0¼0 shows a maximum at E  45 eV, the
same energy where the total CT cross section of the Fig. 1
curve has a local maximum. It is noteworthy that the cross
section for the vibrational excitation  ¼ 0 !  ¼ 4,
which is involved in the two-step CT process through
H2ðX1g;¼ 0Þ!H2ðX1þg ;¼ 4Þ!Hþ2 ðX2g;0 ¼ 0Þ,
also presents a maximum in the same energy region
[12,25]. Furthermore, the most important transitions  ¼
4! 0 ¼ 0 take place near the avoided crossing of the
Hþ þ H2ðX1þg ;  ¼ 4Þ and Hð1sÞ þ Hþ2 ðX2þg ; 0 ¼ 0Þ
states about R ¼ 6 a:u: When E decreases, these transi-
tions become inefficient because the pseudocrossing en-
ergy gap becomes prohibitive. Other (more narrow)
avoided crossings then play a significant role: for example,
the transition in the avoided crossing between the states
dissociating into Hþ þ H2ðX1þg ;  ¼ 5Þ and Hð1sÞ þ
Hþ2 ðX2þg ; 0 ¼ 1Þ populates this channel, leading to a
maximum in the corresponding partial cross section at E 
25 eV. However, since the population of the  ¼ 5 exci-
tation channel is smaller than that of the  ¼ 4 state, this
mechanism does not compensate the fall of the population
of the 0 ¼ 0 state, resulting in a decrease of the total CT
cross section of Fig. 1.
In conclusion, we have presented vibrationally resolved
measurements of CT cross sections for the fundamental
Hþ þ H2 system in a wide impact energy range from 15 to
5000 eV. Our total cross section measurements invalidate
the previous recommended data [19] for E< 200 eV. This
has significant consequences for all forthcoming experi-
ments which would use CT in Hþ þ H2 for normalization
purposes. We have performed vibronic-close-coupling cal-
culations, which have yielded results in excellent agree-
ment with the present experiments, for both total and
vibrationally resolved cross sections. This has allowed us
to study the evolution of the CT mechanism with the
collision energy. For E  200 eV, there is a strong inter-
play between dynamical nuclear and electronic degrees of
motion. This marks the lower energy bound of accuracy of
the nuclear sudden approximations commonly used in the
theoretical description of more complex ion-molecule
collisions.
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